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Abstract 
There are many continuum mechanical models have been developed such as liquid drop models, 
solid models, and so on for single living cell biomechanics studies. However, these models do not 
give a fully approach to exhibit a clear understanding of the behaviour of single living cells such as 
swelling behaviour, drag effect, etc. Hence, the porohyperelastic (PHE) model which can capture 
those aspects would be a good candidature to study cells behaviour (e.g. chondrocytes in this study). 
In this research, an FEM model of single chondrocyte cell will be developed by using this PHE 
model to simulate Atomic Force Microscopy (AFM) experimental results with the variation of 
strain rate. This material model will be compared with viscoelastic model to demonstrate the 
advantages of PHE model. The results have shown that the maximum value of force applied of PHE 
model is lower at lower strain rates. This is because the mobile fluid does not have enough time to 
exude in case of very high strain rate and also due to the lower permeability of the membrane than 
that of the protoplasm of chondrocyte. This behavior is barely observed in viscoelastic model. Thus, 
PHE model is the better model for cell biomechanics studies. 
Keywords: Porohyperelastic, chondrocyte, Finite Element Method (FEM), biomechanics.  
Introduction 
Living organisms are more complicated than engineered materials such as metals, ceramics, 
polymers and semiconductors. They are dynamic and perform several functions including 
metabolism, sensing, growth, remodelling and apoptosis. Hence, to understand the fundamental 
mechanisms of these biological materials, studies of deformation, structural dynamics and 
mechanochemical transduction in living cells and their biomolecules are necessary. A single 
biological cell is small (the size is typically 1-100 µm) and composed of various components. For 
example, the eukaryotic cell consists of a cell membrane, a cytoplasm (including the cytosol, 
cytoskeleton (CSK) and various suspended organelles) and a nucleus.  
 
There are several continuum mechanical models that have been developed for the single cell as well 
as other biological tissue. One of them is poroelastic field theory which is fundamental for soil 
mechanics (Biot 1941; Terzaghi 1943). This poroelastic model considers soft tissues as a porous 
material consisting of a pore fluid that saturates the tissue and flows relative to the deformable 
porous elastic solid to describe the history-dependent response of the soft tissues. This continuum 
model was then extended to account for analysis of hyperelastic solids which is non-linear material 
in the poroelastic formulation to give a porohyperelastic (PHE) material law (Simon 1989). Because 
there are only a few analytical solutions available for some particular situations, the numerical 
solutions are required. Thus, Finite Element Method (FEM) has been utilised successfully in soft 
tissue structures studies. Although PHE model was used effectively and widely in tissue 
engineering, there are very little work reported use of this PHE model in single living cell studies. 
Thus, PHE will be considered in this study to investigate the mechanical behavior of a single 
chondrocyte.  
 
Recent advances in nanotechnology, a number of new experimental techniques for characterizing 
and studying the mechanical behaviour of living cells have been developed and used of Atomic 
Force Microscopy (AFM) is one of them. AFM is an advanced method for high revolution imaging 
of tissues, cells and any surfaces as well as for probing mechanical properties of the samples both 
qualitatively and quantitatively. Its principle is to indent the cell with the AFM tip which is attached 
to a very flexible cantilever and the force is measured from the deflection of the cantilever to obtain 
the force-indentation (F-δ) curve. This powerful tool is recently being used more and more widely 
for cell mechanics studies. Hence, the goal of this study is to simulate the AFM experiment by 
using PHE model with FEM as simulation tool. The result will then be compared with that of 
viscoelastic model which is one of the most widely model for single living cell study. 
Methodology 
Viscoelastic model 
This is one of the solid models which assumed the cell as a homogenous solid-like material. There 
are several models of viscoelastic materials such as Maxwell, Voigt and the standard linear solid 
which consist of springs and dashpots (Fig. 1). The springs are elastic and the dashpots are viscous, 
that is why they are called viscoelastic models. 
 
 
 
Figure 1. Models of linear viscoelasticity: (a) Maxwell, (b) Voigt, (c) Standard linear solid 
(Fung 1965) 
 
In the differential form of linear viscoelasticity, the stress is expressed in terms of strain history 
with three material constants as (Zhou, Lim et al. 2005): 
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where S is the deviatoric stress tensor, t is the current time, ε is the engineering strain tensor, which 
is the same as the deviatoric component under the condition of incompressibility,    is the 
engineering strain rate tensor (the superposed dot denotes differentiation with respect to time), k1 
and k2 are two elastic constants, μ is a viscous constant (see Fig. 1c), u is the displacement field, v is 
the velocity field, σ is the total stress tensor, p is the hydrostatic pressure and I is the unit tensor. 
 
Porohyperelastic field theory 
In order to characterise and predict the behaviour of finite strain and non-linear structures, 
porohyperelastic (PHE) theory was developed which is an extension of poroelastic theory (Simon 
1989). This theory assumes the chondrocyte as a continuum consisting of an incompressible 
hyperelastic porous solid skeleton saturated by an incompressible mobile fluid. Even though both 
solid and fluid are incompressible, the whole cell is compressible because of the volume loss of 
fluid during deformation. The details of this theory are described clearly by (Simon 1992; 
Kaufmann 1996; B. R. Simon 1998). Summary of isotropic field equations are stated below: 
 
 
Conservation of linear momentum: 
                 (3) 
Conservation of fluid mass (Dacy’s law): 
     
   
   
     (4) 
Conservation of (incompressible) solid and (incompressible) fluid mass is a constraint of the form: 
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Constitive law: 
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where    ,  
 ,     ,    ,   ,    
  and   are first Piola-Kirchhoff total stress, fluid stress, symmetric 
permeability tensor, Lagrangian fluid velocity, Finger's strain, second Piola-Kirchhoff stress and 
effective strain energy density function, respectively. 
Finite Element Method (FEM) model 
In this study, the FEM model of single chondrocyte under AFM experiment is simulated by using 
commercial software ABAQUS (see Fig. 2). The axisymmetric element is used in this study to save 
computational cost (ABAQUS 1996). The chondrocyte has a diameter of 14 µm and is indented up 
to 15% strain (around 2.1 µm) with the colloidal probe whose diameter is 5 µm. In order to simulate 
correctly the AFM experiment, we created a part called cantilever base and connect it with the 
colloidal probe with a spring element. Its spring constant is 0.065 N/m which is the same with that 
of cantilever used in (E. M. Darling 2006). Moreover, the chondrocyte is compressed to the 
maximum strain in different period of time and maintain constant indentation to identify strain rate 
affect on mechanical response of the cell. Fig. 3 shows a typical displacement plot of the cantilever 
base. 
Viscoelastic model 
Firstly, the FEM model of chondrocyte is created to simulate AFM experiment and the result will 
be compared with that published in literature (E. M. Darling 2006) to validate the model. This FEM 
model is slightly different from Fig. 2 which is the exclusion of cell membrane. The chondrocyte is 
simulated with viscoelastic material model and is indented to 15% in 0.5 s (see Fig. 3) using 
Abaqus. The material parameters are shown in Table 1 and are extracted from (E. M. Darling 2006).  
 
Table 1. Material properties of Viscoelastic and Porohyperelastic Models 
 Viscoelastic 
Porohyperelastic 
Protoplasm Membrane 
Young’s modulus (Pa) 650 650 650 
Poisson ratio 0.38 0.38 0.38 
Prony coefficient g1 0.4138 N/A N/A 
Prony coefficient λ1 (s) 5.2 N/A N/A 
Permeability (m
4
/N.s) N/A 0.6×10
-15
 3×10
-21
 
Void ratio N/A 4 3 
 
After the analysis, the displacements of the cantilever base and the probe are extracted and used to 
calculate the deflection of cantilever. Then the deflection is multiplied with spring constant for the 
force applied on the cell as followed: 
 
                   (8) 
 
where kc is the spring constant of cantilever (e.g 0.065 N/m in this study), dbase and dbead are 
displacement of the cantilever base and tip, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. FEM model of single chondrocyte 
          
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
           
 
 
Figure 3. Plot of cantilever base movement 
 
Porohyperelastic model 
This PHE model consists of the protoplasm, membrane, cantilever tip, cantilever base, and plate 
(see Fig. 2). The protoplasm and membrane’s material properties are shown in table 1, the rest of 
components are assumed as rigid bodies. The Young’s modulus and Poisson’s ratio are assumed to 
be the same for both protoplasm and membrane. Also, the hydraulic permeability of membrane is 
assumed to be 6 orders smaller than that of the protoplasm (G. A. Ateshian 2007; E. K. Moo 2012). 
The transient consolidation analysis is used in this study to account for transient effect on cell 
mechanics.  
Results and Discussion 
Viscoelastic model 
The force-indentation (F-δ) curve and Mises stress distribution are shown in Fig. 4a and Fig. 5, 
respectively. As we can observe from Fig. 4, the simulation result is almost the same with AFM 
experiment result. It means that our model is validated and can be used to compare with other 
model. In order to do so, the cell is indented to 15% in several periods of time (from 0.1s to 5s) 
followed by a 60s stress relaxation phase. Thus, the strain rate is varied from 21 µm/s to 0.42 µm/s. 
The results are shown in Fig. 6 and extracted time is 6s for a clear illustration. All the curves 
converge at the same equilibrium force which is 2.28 nN. Moreover, the maximum value of force 
applied keep almost constant with the strain rate from 21 µm/s to 4.2 µm/s, and then the force value 
starts to decrease. The reason is because the cell becomes softer and softer with time. Although the 
viscoelastic model can capture the maximum and equilibrium value of force, the relaxation time is 
longer than that of experiment. The reason is the shear relaxation modulus is reduced gradually with 
time (Zhou, Lim et al. 2005). Moreover, this model assumes the cell as a solid-like material, but the 
cell is known having both solid skeleton and mobile fluid. Therefore, we developed an FEM model 
using porohyperelastic material (PHE) and the material properties are the same with that of 
viscoelastic model.  
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 (a) (b) 
Figure 4. AFM stress relaxation curve. (a) Force-time curve extracted from FEM model; (b) 
Force-time curve obtained from AFM experiment (E. M. Darling 2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Mises stress distribution of FEM chondrocyte model using viscoelastic material 
 
Figure 6. AFM force-time curves extracted from FEM viscoelastic model of chondrocyte with 
strain rate from 21 µm/s to 0.42 µm/s. The maximum time is limited to 6 seconds for clearer 
illustration 
Porohyperelastic model 
 
Fig. 7 and 8 are the force-indentation (F-δ) curves and Mises stress and pore pressure distribution, 
respectively. As shown in Fig. 7, the force-time curves obtained from AFM experiments simulation 
results with 2 different strain rates which are 4.2 µm/s and 21 µm/s. We can observe that the 
maximum values of force applied on the chondrocyte are larger with higher strain rate. This is 
because of the effect of volume loss of water of the cell. This can be explained as when we indent 
the cell with very high strain rate e.g. 21 µm/s, the intercellular water is trapped inside the cell and 
take up all the external applied stress. After that when the displacement of cantilever tip is kept 
constant, the pressure difference between inside and outside of the cell drive the fluid to flow and 
this causes the relaxation phase. In case of lower strain rate, the fluid already has enough time to 
exude from the cell during indentation phase. In order to elucidate the strain rate dependent 
biomechanics of the cell, we indented the single chondrocyte with different strain rate from 21 µm/s 
to 0.42 µm/s as the same with viscoelastic material model (see Fig 9). Obviously as shown in Fig. 9, 
the maximum values of force are decreased with decreased strain rates. However, this maximum 
force will reduce to an asymptotical value which is the same with viscoelastic model, this is when 
the pressures inside and outside the cell are equal. Interestingly when we decrease the strain rate to 
a value of 0.42 µm/s, it seems the cell did not relax as seen in higher strain rate cases. This will be 
considered when steady state analysis is conducted in the future works. 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
Figure 7. AFM stress relaxation curves with 2 different strain rate. (a) the strain rate is 4.2 
µm/s; (b) the strain rate is 21 µm/s 
          
 (a) (b) 
Figure 8. (a) Mises stress distribution; (b) Pore pressure distribution of FEM chondrocyte 
model using Porohyperelastic (PHE) material 
 
 
Figure 9. AFM force-time curves extracted from FEM porohyperelastic model of chondrocyte 
with strain rate from 21 µm/s to 0.42 µm/s. The maximum time is limited to 6 seconds for 
clearer illustration 
 
The maximum force valued among three models which are hyperelastic, viscoelastic and 
porohyperelastic are compared in Fig. 10. As we can observe that the value of viscoelastic models 
keep almost constant when the strain rate is higher than 4.2 µm/s, then it will reduced gradually. In 
contrast, this value of porohyperelastic and hyperelastic models reduced rapidly with decrease strain 
rates until 0.42 µm/s and 16.15 µm/s and then keeps constant. From these results, we can recognise 
that PHE model is better than the other two because it can capture the fluid-solid interaction of 
chondrocyte. 
 
Figure 10. Maximum force values with strain rate for hyperelastic, viscoelastic and 
porohyperelastic material models 
Conclusions 
To date, there has been little research on using PHE model for studying living cell mechanics 
particularly chondrocytes, thus this study will be the first ones to use this model for chondrocytes. 
This PHE model has been applied in a variety of biomechanical studies yielding reasonable and 
acceptable results. With this approach, we can model the chondrocyte to have a clear insight into 
the consolidation as well as swelling behaviours of the cell. Despite of many advances, to our 
knowledge, this model has not been used widely for chondrocyte. Thus, this model is used in this 
study with FEM as a simulation tool. The consolidation analysis is done and the result is compared 
with that of one of the most commonly used model – viscoelastic model. The results have shown 
that the maximum value of force applied of PHE model reduced rapidly as the strain rate decreased. 
This is because the mobile fluid does not have enough time to flow out from the cell and because of 
the lower permeability of the membrane than that of the protoplasm of chondrocyte. In future, the 
steady state analysis will be considered and AFM experiments will be conducted to validate PHE 
model. These AFM experiments associate with both transient and steady state analyses will be used 
to identify the necessary material parameter for PHE model. 
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